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CHAPTHK  1 
INTRODUCTION 


As  presently  conceived,  the  Crosstie  Random  Access  Memory  (CRAMl  will  require 
five  depositions  and  five  masks.  The  first  level  will  he  anisotropic  permalloy, 
followed  by  an  insulator  of  silicon  nitride  or  silicon  monoxide.  These  levels  will 
he  followed  hy  a  layer  of  95"  aluminum  -  ?>"•  copper,  another  insulator,  and  a  final 
Al-C'.u  layer.  All  conducting  layers  will  he  chemically  etched  or  ion  milled,  and  the 
insulators  will  have  vias  opened  using  a  liftoff  procedure.  All  these  procedures 
can  he  folded  into  the  fabrication  steps  taken  in  the  manufacture  of  integrated 
circuits.  It  is  expected  that  the  decoding  and  driving  of  the  memory  will  he  done 
by  circuits  on  the  same  chip  just  as  is  done  in  semi  conductor  memories.  The  ampli¬ 
fier  may  also  he  integrated  on  the  same  chip  hut  this  has  not  been  determined  at 
this  time. 

Hy  testing  partially  populated  memories,  a  realistic  idea  can  he  obtained  on 
drive  levels,  amplifier  needs,  and  so  forth.  In  the  near  future  it  is  expected  that 
several  si;es  of  memory  will  he  tested  hut  only  about  eight  rows  and  eight  columns 
will  he  connected  to  external  circuitry.  This  will  provide  64  test  hits  in,  for 
example,  a  -K  or  10K  memory.  At  MSWC ,  efforts  will  be  made  to  use  conventional  Til. 
circuits  and  video  amplifiers.  This  will  aid  in  defining  integration  requirements. 
Standard  supply  voltages  will  he  used. 


i 
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Anisotropic  permalloy  films  '■  37(1A  thick,  with  Ilk  s,  3 . 3  Oe  and  He  ~  l  Oe  are 
used.  The  films  are  made  in  an  ion  beam  coater.  Conventionally  deposited  films  can 
also  bo  used.  Isotropic  films  could  be  used  but  in  our  system  it  is  easier  to  de¬ 
posit  anisotropic  films.  It  is  also  easier  to  measure  anisotropic  films  on  our 
equipment.  An  81-19  permalloy  target  is  used  in  the  ion  beam  coater.  (hire  is  taken 
to  insure  that  the  ions  are  arriving  perpendicular  to  the  plane  of  the  substrate  to 
avoid  angle  of  incidence  effects.  The  substrate  is  not  heated  hut  rises  during  film 
deposition  to  about  7(>°C.  The  deposition  rate  is  about  lOA/sec  using  argon  in  the 
gun.  The  films  vary  at  times  from  being  a  little  iron  rich  to  being  slightly  nickel 
rich  for  zero  magnetostriction  using  this  target.  A  magnetic  field  is  present  at 
the  substrate  during  deposition  to  produce  a  well-defined  easy  axis.  The  target  has 
to  be  rotated  occasionally  to  avoid  anisotropic  target  etching  which  causes  the  beam 
of  Ni-Fe  atoms  to  split  into  two  concentrated  beams.  This  causes  uneven  coverage  on 
the  substrate. 


The  permalloy  film  is  then  etched  into  a  wiggle  pattern  as  shown  in  Figure  1. 
Notice  the  direction  of  the  easy  axis  in  Figure  1.  Next  a  SO  Oe  magnetic  field  is 
applied  I  up  in  Figure  1).  Then  the  magnetic  field  is  turned  off.  Neel  walls  appear 
as  shown  in  Figure  1  starting  at  one  apex  and  terminating  at  the  opposite  apex.  It 
no  reverse  Field  is  applied,  only  positive  Neel  walls  appear. 

Some  wiggle  patterns  are  shown  in  Figure  2.  The  walls  are  made  visible  through 
the  use  of  bitter  solution.  In  Figure  2(a),  some  cells  contain  zeros  and  some  con¬ 
tain  ones.  In  Figure  2{bl,  a  modified  version  of  the  wiggle  is  shown  with  all  zeros. 
All  ones  are  shown  in  Figure  2(c).  The  preferred  pattern  at  this  writing  is  the 
pattern  shown  in  Figures  2(b)  and  2(c).  A  10  Oe  uniform  field  is  needed  to  annihi¬ 
late  the  crossties  (up  in  Figure  2(c)).  A  4  Oe  field  (down  in  Figure  2(b))  will 
nucleate  erosst i e-Bloch  line  pairs.  Crossties  do  not  form  on  the  positive  Neel 
walls  in  the  narrow  section  to  the  right  in  Figure  2(c).  This  wall  is  only  a  90° 
wall,  and  crossties  form  only  in  walls  which  have  a  rotation  close  to  180°. 

The  pattern  shown  in  the  last  two  photos  of  Figure  2  allows  for  a  meandering 
column  address  line  which  always  crosses  the  memory  cell  in  the  same  direction. 

This  makes  it  possible  to  address  each  bit  by  activating  only  two  lines  --  one  a 
column  address  line  and  the  other  a  row  address  line.  This  simplifies  the  logic 
compared  to  the  scheme  needed  for  Figure  2(a),  but  the  density  may  suffer  somewhat. 


^Cohen,  M.  S.,  "Ferromagnetic  Properties  of  Films,"  in  Handbook  of  Thin  Film 
Technology,  edited  by  l,.  1.  Maissel  and  R.  Clang  (New  York,  McGrow  (fill  Book 
CoT,” Tir7(n  ,  pp.  17-1  to  17-88. 
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It  is  helpful  to  review  crosstie  behavior  in  unetched  films.  The  static  (very 
slowly  changing)  field  required  to  generate  a  crosstie  in  a  film  depends  on  film 
thickness. ^  This  is  shown  in  Figure  5.  At  a  given  thickness,  the  amplitude  of  the 
generation  and  annihilation  fields  increases  with  decreasing  pulse  width.  Curves 
shown  in  Figure  4  show^  how  large  a  field  is  needed  for  crosstie  generation  as  a 
function  of  pulse  length  and  film  thickness  in  an  unetched  film.  The  field  ampli¬ 
tude  required  for  a  200  nsec  pulse  is  about  the  same  as  the  field  required  in  the 
static  case.  From  Figure  4  it  is  obvious  that  a  1  can  be  written  in  as  short  a 
time  as  1  nsec  if  sufficient  amplitude  is  used.  Very  little  extra  amplitude  com¬ 
pared  to  the  static  case  is  needed  to  write  a  1  in  50  nsec.  The  fields  required  to 

generate  crossties  in  etched  films  increase  with  decreasing  cell  size.  This  is  not 

a  major  limitation  since  for  the  same  current  the  magnetic  field  increases  with 
smaller  conductor  widths. 

The  time  required  to  write  a  0  if  a  1  was  present  at  that  location  is  not  the 
same  as  the  time  required  to  write  a  1.  The  time  it  takes  to  annihilate  a  crosstie- 
Bloch  line  pair  is  dependent  on  the  mobility  of  the  Bloch  line  and  the  distance  it 
is  away  from  its  neighboring  crosstie.  A  3  Oe  field  applied  for  7  nsec  will  annihi¬ 
late  all  periodic  crosstie  5  pm  apart  in  an  unetched  film.^  But  a  2  Oe  pulse  must 

persist  for  a  longer  time,  perhaps  30  nsec,  for  annihilation.  As  the  Bloch  line 
approaches  the  crosstie,  a  repulsive  force  retards  the  Bloch  line.  A  1  Oe  field  is 
less  than  the  annihilation  field  so  it  can  be  applied  indefinitely.  It  will  move 
the  Bloch  line  close'’  to  the  crosstie,  but  not  close  enough  for  annihilation.  Be¬ 
cause  of  magnetostatic  effects,  larger  fields  are  needed  in  etched  films.  These 
shape  effects  cause  the  equivalent  of  an  anisotropy  field  in  isotropic  films,  making 
their  use  possible.  It  is  possible  to  vary  the  distance  of  a  Bloch  line  from  its 
neighboring  crosstie  by  changing  the  shape  of  the  wiggle  pattern.  The  crosstie 
forms  at  the  inside  apex  of  the  pattern. 


“Schwee,  L.  J.,  "Stability  Conditions  for  Neel  Walls  and  Crosstie  Walls  in  Thin 
Magnetic  Films,"  All’  Conf.  1’roc.  K^,  p.  990,  1972. 

'’Sery,  R.  S.,  "Dynamic  Crosstie  Nucleation  Thresholds  for  Crosstie  Memory,"  IliliE 
Trans,  on  Magn .  MAG- 1 1 ,  No.  1,  n .  29,  19~5. 

^Schwee,  L.  J.  et  al . ,  "Progress  Toward  the  Crosstie  Memory,"  N0LTR  73-185, 

1  Oct  1973. 

*’ Middelhoek ,  S.,  "Ferromagnetic  Domains  in  Thin  Ni-Fe  Films,"  Ph.D.  Dissertation, 
University  of  Amsterdam,  1961. 


8 


CHAPTER  III 


WRITING 


The  field  required  to  write  at  a  particular  location  in  the  matrix  must  be 
applied  using  coincident  currents.  Two  schemes  for  accomplishing  this  are  described 
here.  The  scheme  needed  for  the  pattern  of  Figure  2(a)  is  shown  in  Figure  5  for 
writing  a  1.  (The  wiggle  pattern  is  shown  without  detail.)  With  the  current 
direction  shown  for  the  meander  line,  current  must  be  applied  to  every  even  row 
except  for  the  row  where  a  1  is  to  be  written.  If  a  1  is  to  be  written  on  an  odd 
row,  current  is  reversed  in  the  column  address  line,  and  current  is  applied  along 
all  odd  row  lines  except  on  the  row  on  which  a  1  is  to  be  written.  The  row  lines 
must  turn  on  before  or  nearly  at  the  same  time  as  the  column  lines  or  a  1  will  be 
written  on  every  other  row  along  the  activated  column.  In  the  figure,  values  for 
annihilation  and  generation  were  used  for  an  unetched  film.  The  values  will  be 
larger  in  an  etched  film  depending  on  the  dimensions  used.  Good  margins  of  opera¬ 
tion  can  be  expected  as  shown  in  the  figure.  The  number  of  row  lines  that  must  be 
turned  on  will  be  limited  to  31  or  63  because  of  the  readout  method  discussed  in  a 
later  chapter.  The  logic  to  do  this  is  straightforward  and  is  discussed  in  a  later 
chapter. 

Using  the  same  row  conductors  and  meandering  column  conductors,  a  0  can  be 
written  at  any  location.  This  is  shown  in  Figure  6.  For  the  current  sense  shown 
in  the  figure,  all  odd  rows  are  activated  plus  the  even  row  desired.  To  write  on 
an  odd  row,  the  odd  row  plus  all  even  rows  are  activated,  and  the  current  is  re¬ 
versed  in  the  meander  line.  Again  the  logic  to  perform  this  is  shown  in  a  later 
chapter . 

The  row  conductors  will  be  on  the  first  conductor  layer  above  the  permalloy 
film.  This  location  is  necessary  so  contact  can  be  made  t°  the  amplifier  from  each 
wiggle  for  readout  as  will  be  seen  later.  The  column  lines  will  be  on  the  last 
conducting  layer. 

A  simpler  write  scheme  is  possible  using  the  pattern  shown  in  Figure  2 (b  and  c) . 
Here  the  meander  line  can  be  arranged  to  cross  the  memory  cell  always  in  the  same 
direction.  Then  only  one  row  need  be  activated  to  write  at  an  arbitrary  cell. 

Suppose  that  the  crossties  generate  between  -4  and  -4.8  Oe .  (Properly  designed 
patterns  can  reduce  the  range  of  field  over  which  generation  may  or  may  not  occur 
compared  to  the  average  generation  field.)  Now  suppose  a  negative  field  of  3  Oe  is 
produced  by  the  row  conductor  and  the  column  conductor.  Where  these  intersect,  a 
6  Oe  field  is  present,  and  a  1  is  written.  Both  currents  could  be  off  by  +_  20 %  and 
it  will  still  work. 

This  second  arrangement  is  clearly  more  simple  from  a  logic  viewpoint,  and 
consumes  less  power  than  the  first  scheme  described. 
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The  capacity  between  the  activated  column  and  all  the  activated  rows  amounts 
to  less  than  a  picofarad  for  anticipated  drive  line  widths.  As  we  have  shown,  50 
nsec  is  a  sufficient  time  duration  for  writing  a  1  and  a  0.  However,  time  is  re¬ 
quired  for  propagation  delays  through  the  decoders  and  logic.  This  will  add  another 
30  nsec  or  so.  Consequently,  the  write  time,  measured  from  the  time  the  address  is 
sent  until  writing  is  complete,  should  take  approximately  100  nsec. 

The  magnetic  field  produced  by  a  conductor  in  such  a  circumstance  is  given  by 
the  following  equation, 

H  =  (I/5S)|tan_1[ (b+S/2)/R] -tan" 1 [ (b-S/2)/R]^  (1) 

where  I  is  current  in  amperes,  S  is  the  strip  width,  R  is  the  insulator  thickness, 
and  b  is  the  distance  from  the  center  of  the  strip  at  the  permalloy  film,  Dwith  S, 

R,  and  b  measured  in  centimeters.  For  a  conductor  6  microns  wide  and  1000A  away 
from  the  film,  the  field  produced  by  1  ma  is  1  Oe  directly  beneath  the  center  of 
the  strip. 
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CHAPTER  IV 


READING 


The  readout  method  described  here  uses  the  magnetoresi stance*^  effect  in  the 
permalloy  film.  The  effect  can  be  described  by  the  following  equation 

R  =  Ro  +  AR/2  cos  20  (2) 

where  AR  is  about  3%  of  the  resistance  of  Ro ,  and  0  is  the  small  angle  between  the 
magnetization  direction  and  the  direction  of  current  flow.  The  resistance  Ro  in 
permalloy  films  370A  thick  is  about  Cjfi/square. 

If  we  refer  to  Figure  7,  four  situations  arc  illustrated  showing  the  direction 
of  magnetization  for  a  memory  cell  containing  a  0  with  no  external  field,  a  0  with 
a  local  field  about  60°a  of  the  annihilation  field  applied,  and  also  the  magnetiza¬ 
tion  directions  for  a  1  with  and  without  the  magnetic  field.  The  local  field 
described  here  is  applied  using  the  same  row  conductors  described  in  the  previous 
chapter  on  writing. 

Now  suppose  a  current  is  flowing  through  this  column  of  the  wiggle  pattern. 

The  current  will  flow  approximately  along  the  lines  of  magnetization  shown  in  the 
0  cases  in  Figure  7.  Therefore  we  can  expect  that  the  angle  0  of  liquation  2  will 
be  about  zero  for  the  case  where  a  0  is  present  with  or  without  the  local  magnetic 
field.  Little  change  in  resistance  is  expected  when  a  pulsed  field  is  applied. 

However,  in  the  case  of  a  1  at  zero  applied  field,  the  current  encounters  some 
magnetization  at  about  90°  from  its  own  direction.  This  happens  where  the  current 
is  most  concentrated  because  of  the  sharp  bend.  in  this  case,  lowered  resistance 
exists.  When  the  local  field  is  applied,  the  Bloch  line  moves  to  the  crosstie  and 
the  magnetization  once  again  aligns  itself  approximately  along  the  dii’ection  of 
current  flow  which  is  a  high  resistance  situation.  Because  of  Bloch  line  mobility 
and  the  repulsive  force  between  the  crosstic  and  Bloch  line,  a  response  time  of 
about  20  nsec  is  anticipated.  The  pulse  due  to  the  change  in  resistance  is  expected 
to  appear  as  shown  in  Figure  7,  presuming  that  the  applied  field  was  a  20  nsec  pulse. 

One  can  estimate  the  resistance  change  between  the  1  with  no  field  applied  and 
the  1  with  a  field  applied  by  using  the  following  considerations.  Most  of  the 
current  will  take  the  short  path  around  the  bend.  Here  the  angle  0  is  about  90°. 

This  is  what  we  want  for  a  large  signal .  The  bad  part  is  the  fact  that  the  path  is 
short,  and  consequently  the  resistance  is  low.  We  know  that  the  resistance  in  the 


^McGuire,  T.  R.  and  Potter,  R.  I.,  "Anisotropic  Magnetoresistance  in  Ferro¬ 
magnetic  3d  Alloys,"  ILF.E  Trans,  on  Magn.  MAG- 1 1  ,  No.  4,  p.  1018,  1975. 
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permalloy  film  is  about  012/square,  but  when  the  current  goes  around  a  90°  corner, 
the  resistance  is  less  than  that.  We  can  guess  that  the  resistance  affected  by  the 

crosstie  is  about  .6  x  612.  Now  we  can  split  the  current  into  two  paths,  one  which 

is  not  affected  by  the  crosstie-Bloch  line  pair  and  one  which  is.  The  longer  path 
is  about  three  times  longer  than  the  shorter  path  and  in  parallel  to  i t .  So  we  can 
write  for  the  case  where  the  field  is  applied  if  the  resistance  of  the  shorter  path 
is  r, 

=  y  +  where  Rf  =  .6  x  6i2.  (3j 

When  a  field  is  not  applied,  the  shorter  path  has  3%  less  resistance  so  we  can 

write 


Ro  ~  . 97r  *  3r  ‘  (4' 

The  change  in  resistance  when  the  field  is  applied  is  then 

Rf  -  Ro  =  5 . 6,’  -  3.518,2  =  .0812.  (51 

This  rough  estimate  is  good  enough  to  guess  at  the  amount  of  sophistication  needed 
in  the  readout  scheme.  The  signal  is  in  the  form  of  a  resistance  change,  and  re¬ 
sistors  are  easy  to  deal  with. 

The  readout  scheme  prefered  at  this  writing  is  shown  in  figure  8.  Here  all 
wiggles  are  connected  to  one  input  of  a  differential  video  amplifier  except  for  one 
wiggle  which  is  used  for  reference.  On  the  reference  wiggle,  no  ones  will  ever  be 
written.  Once  the  address  is  sent,  a  single  permalloy  column  and  a  single  row 
conductor  will  be  selected.  In  figure  8,  row  13,  column  5are  selected  for  illustra¬ 
tion.  All  other  columns  are  disconnected  using  tri-state  circuits.  A  pulse  a,  20 
nsec  long  is  sent  through  the  selected  row  conductor.  If  a  0  is  present  at  row  15, 
column  5,  then  an  identical  signal  will  be  received  at  both  inputs  to  the  amplifier 
and  since  the  amplifier  has  a  differential  input,  no  signal  is  received  from  the 
amplifier.  If,  however,  a  1  is  present  at  row  13,  column  5,  the  difference  between 
a  0  and  1  is  received  from  the  amplifier.  After  amplification  of  100  to  400  times, 
there  is  sufficient  amplitude  to  trigger  a  bidirectional  one  shot  with  a  comparator 
input.  This  will  bring  the  output  signal  up  to  TTL  levels. 

The  purpose  of  the  dummy  reference  column  is  to  eliminate  or  reduce  common 
mode  signals  and  to  decrease  time  required  for  the  amplifier  to  settle  down  once  a 
row  and  column  are  selected.  Also  the  reference  column  eliminates  amplifier  output 
if  a  0  is  being  detected.  This  simplifies  later  decision  making  with  a  one  shot  or 
with  a  comparator  with  hysteresis. 

The  resistance  in  each  magnetoresistor  would  be  100012  or  so  if  a  5  ma  current 
is  used  through  the  wiggle  pattern.  This  allows  for  about  64  bits  vertically  in 
each  magnetoresistor. 

In  this  arrangement  the  signal  due  to  a  1  can  be  easily  calculated.  One  of 
the  magnetoresistors  will  change  from  999.9212  (using  the  0 . 08f<  value  of  Equation  5) 
to  100012  when  the  field  is  applied.  The  amplifier  sees  a  change  of  200  pv.  The 
input  impedance  to  the  amplifier  is  50012.  Because  of  the  nature  of  the  expected 
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signal,  the  amplifier  can  be  narrow-banded  to  pass  frequencies  between  about  25  Mlz 
and  50  MHz  or  perhaps  a  narrower  band  would  do.  With  a  25  Ml  1  z  bandwidth  and  an 
input  impedance  of  5O0F2,  the  thermal  noise  at  the  input  will  be 

V  =  i/SkTR/Tf  =  14  [iv  (6) 

which  gives  a  signal  to  noise  ratio  of  14. 

An  important  factor  here  may  be  to  use  if  possible  a  frequency  band  which  ex¬ 
cludes  switching  frequencies.  Using  TTL,  the  risetimes  on  pulses  can  be  about  5 
nsec  and  a  slightly  higher  frequency  pass  band  would  be  needed  to  pass  these.  The 
pulse  used  to  tickle  the  wiggle  for  example  could  cause  an  unwanted  spike  on  the 
amplifier  output.  Such  a  spike  may  well  be  too  fast  to  trigger  a  one  shot  however. 

A  thin  film  circuit  similar  to  that  shown  in  Figure  8  with  various  different 
wiggle  patterns  has  been  designed  and  masks  have  been  generated,  but  it  has  not  yet 
been  fabricated.  It  will  be  used  to  find  prefered  wiggle  patterns  and  test  the 
readout  technique. 

In  the  meantime,  an  amplifier  has  been  wired  together  to  test  the  readout. 

I'he  amplifier  circuit  is  shown  in  Figure  0.  The  502  or  755  video  amplifier  was 
found  to  work  very  well  in  this  application.  It  has  excellent  common  mode  rejection 
and  can  be  easily  converted  to  a  high  pass  amplifier  by  placing  a  capacitor  across 
the  gain  select  pins.  To  test  the  amplifier,  the  two  10  megohm  resistors  were 
connected  to  a  TTI.  oscillator  and  driven  from  nearly  0  to  nearly  5  volts  in  bursts. 

Tli i s  provided  a  250  yv  signal  at  each  amplifier  input.  To  simulate  a  1,  two  capaci¬ 
tors  l shown  by  dotted  lines  in  Figure  9)  were  used  to  slow  down  the  response  time  at 
one  input,  thus  simulating  the  response  of  the  Bloch  line.  A  small  cheating  capaci¬ 
tor  across  the  amplifier  inputs  was  found  to  be  helpful  in  reducing  unwanted  feed¬ 
through  from  the  TTI.  oscillator  without  interfering  with  the  signal.  Such  a  capaci¬ 
tor  can  bo  very  helpful  in  reducing  high  impedance  pickup  due  to  ground  currents 
radiation,  etc.  The  amplifier  with  a  gain  of  100  was  followed  by  a  760  high-speed 
comparator  with  hysteresis  which  brought  the  output  up  to  TTI,  levels.  A  one  shot 
with  a  comparator  input  such  as  the  Signetics  8T20  would  probably  be  better  in  this 
application.  Such  a  one  shot  could  trigger  off  the  low  to  high  voltage  swing  and 
reset  itself  without  the  need  for  a  high  to  low  voltage  swing.  The  trigger  level 
must  be  set  above  the  noise  level  in  this  ease  also.  The  circuit  described  above 
worked  very  well,  hut  may  well  need  some  modification  when  the  real  output  is  tested. 

If  it  is  found  that  the  readout  method  described  above  does  not  have  a 
sufficiently  low  error  rate,  a  pulse  train  can  be  used.  Then  the  amplifier  can  be 
narrow-banded  further,  and  coherent  integration  can  be  used.  This  would  extend  the 
readout  time  to  perhaps  a  microsecond. 

The  amplifier  and  comparator  described  above  have  propagation  delays  of  about 
25  nsec  combined,  and  it  is  anticipated  that  some  settling  time  will  be  required 
after  a  particular  column  is  selected  by  the  address.  Also  about  50  nsec  will  he 
needed  for  the  logic  to  select  a  particular  line.  The  access  time  should  be  some¬ 
where  between  100  and  200  nsec  if  one  tickle  pulse  is  used.  The  video  amplifier 
and  the  comparator  together  cost  about  two  dollars. 


Instead  of  using  128  bits  and  about  5  ma  in  each  column,  64  bits  and  about 
10  ma  could  be  used.  This  would  both  double  the  output  signal  and  decrease  the 
amplifier  input  impedance  to  250Q.  It  would  also  reduce  the  number  of  row  con¬ 
ductors  which  must  be  turned  on  for  writing  to  about  32  if  that  scheme  is  used. 
The  limitation  on  the  current  used  is  dependent  on  how  often  a  column  is  success¬ 
ively  addressed  and  the  duty  cycle. 

The  power  supplies  on  the  video  amplifier  and  comparator  could  be  reduced  to 
+  5  volts  if  desired. 


I  Kl'.Uir  DIAdUAM  fOR  SIM!  I  \  KITS 


It  has  been  presumed  from  the  beginning  that  the  CHAM  will  be  integrated  on  a 
chip  with  decoding  circuitry.  The  density  is  about  right  for  this.  All  drive 
levels  are  easily  within  range  of  conventional  TIT  circuitry.  I'he  best  way  to  lay 
out  the  logic  and  such  questions  are  not  being  addressed  a  this  time.  first  the 
memory  must  be  tested  using  various  densities  and  drive  levels  must  be  determined. 
However,  the  logic  required  for  a  sixteen-hit  memory  was  considered  for  the  more 
complicated  write  scheme  and  is  shown  in  figure  Id.  Here  a  phase  sensitive'  detec¬ 
tion  scheme  was  outlined  instead  of  the  method  described  in  the  previous  chapter. 

The  number  of  logic  funct ions  per  row  and  column  averages  to  four  not  counting 

the  decoders.  It'  we  consider  an  n  by  n  matrix,  the  number  of  gates  bovond  the  de¬ 
coders  would  be  Sn .  Hut  the  number  of  bits  i --  tr  .  So  the  number  of  biis/gate  is 
11/S.  The  larger  the  memory,  the  more  bits/gate.  Ihr  fact  that  the  number  of  tran¬ 
sistors  required  goes  as  n  rather  than  n“  suggests  that  rather  large  memories  ought 
to  be  possible  with  good  yields  compared  to  semi conduc tor  memories. 

One  of  the  immediate  objectives  of  the  OK  \M  program  at  \S\VC  is  to  fabricate 

a  Ik  memory  but  on  H  connect  to  1  to  s  rows  and  1  to  S  column--.  This  will  allow 

testing  of  10  to  M  bits  to  determine  optimum  drive  levels  and  identify  what 
problems  may  arise  from  parasitics,  high  frequency  feedthrough ,  ground  currents, 
etc. 

A  concrete  goal  is  the  pin  for  pin  replacement  of  a  popular  dynamic  RAM. 

Such  a  device  eon  1<!  be  retrofitted  into  several  present  systems.  The  very  low 
power  requirements  of  the  cR\M  will  allow  for  much  more  dense  packaging  or,  in 
other  words,  a  large  increase  of  memory  in  the  same  volume. 
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CHAPTER  VI 

EXPECTED  CHARACTERISTICS  VS.  PRESENT  COMPETITION 


The  expected  characteristics  of  the  CRAM  are  as  follows: 
nonvolati le 
random  access 
non-destructive  readout 
100  nsec  write 
a-  100  nsec  read 

high  hit  density  (3x10'  to  3x10  bits/em") 
very  low  power 

wide  temperature  range  (-50 °C  to  +150°C) 
radiation  resistant 
low  cost 

standard  voltages 

no  permanent  magnets  or  moving  parts 
no  standby  power  needed 
no  refreshing  needed 
high  bit  to  gate  ratio. 

The  CRAM  will  require  magnetic  shielding,  but  this  is  a  simple  task  since  no 
external  fields  are  required. 

It  is,  of  course,  very  difficult  to  clearly  foresee  all  problems  which  may 
arise  in  the  development  of  the  CRAM.  It  is  also  difficult  to  estimate  costs. 
However,  by  comparing  the  CRAM  to  other  technologies,  some  guesses  can  he  made. 
This  is  done  in  Figure  II.  Here  we  allowed  ourselves  a  large  range  of  access  time 
and  a  large  variation  in  cost.  Data  on  the  other  technologies  is  taken  from  an 
IEEE  Spectrum  article  in  March  1981  by  Choo  S.  Chi.  The  reason  the  CR\M  can  be 
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expected  to  he  cheaper  than  the  dynamic  RAM  is  that  fewer  transistors  are  needed, 
and  no  refreshing  is  needed.  If  this  is  not  enough  to  make  it  cheaper  on  a  chip 
level,  it  should  on  a  system  level  where  refreshing  can  present  many  difficulties, 
liven  if  the  CRAM  costs  10  times  more  than  expected,  if  will  be  a  memory  of  choice 
because  of  its  light  weight,  low  power,  and  small  volume  compared  to  core.  The 
access  time  was  drawn  up  to  a  microsecond  in  case  a  pulse  train  is  needed  for 
detect i on . 

From  Figure  11  it  becomes  apparent  that  there  is  not  much  competition  for  the 
CRAM.  It  appears  to  be  at  least  ten  times  faster  or  ten  times  cheaper  than  any 
close  nonvolatile  competitor  and  has  many  other  advantages  besides.  It  also 
appears  that  development  will  be  straightforward  without  the  need  for  material 
research . 
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WIGGLE  PATTERN 


EASY  AXIS 


FIGURE  1  CROSSTI E-BLOCH  LINE  PAIRS  STORED  IN  WIGGLE  PATTERN 
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FIGURE  2  BITTER  SOLUTION 


SHOWING  WALLS  IN  WIGGLE  PATTERNS 
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FIGURE  3  GENERATION  AND  ANNIHILATION  FIELDS  AS  A  FUNCTION  OF  FILM  THICKNESS 


NSWCTR  81-213 


PULSE  WIDTH 


GLASS  SUBSTRATE  Hk  =  3.0  Oe 


CROSS-TIE 

NUCLEATIOM 


NSWC  TR  81-213 


WRITE  1  ON  MIDDLE  ROW.  RRST  COLUMN 


Oe 

-U  2  WRITE  ZERO  FIELD 


CROSSTIE  , 
ANNIHILATION  HELD  1 


m 


1.6 


CROSSTIE 
GENERATION  FIELD 


1 


NOTHING  HAPPENS 
EXCEPT  FOR  BLOCH 
LINE  MOTION 


WRITE  ONE  FIELD 


FIGURE  5  WRITE  "ONE"  SCHEME  WITH  DRIVE  FIELDS  NORMALIZED 
TO  AN  UNETCHED  FILM 
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FIGURE  7  MAGNETIZATION  DIRECTIONS  FOR  0  AND  1  WITH  AND  WITHOUT  A  LOCALLY  APPLIED  FIELD 
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REFERENCE  COLUMN  (ALL  ZEROS) 


FIGURE  8  READOUT  METHOD  USING  A  REFERENCE  COLUMN.  A  SELECTED  COLUMN, 
AND  A  TICKLE  FIELD 
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FIGURE  9  READOUT  AMPLIFIER  CIRCUIT  AND  COMPARATOR  WITH  HYSTERESIS 
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APPENDIX  A 

A  NEW  METHOD  OF  LOCKING  A  DOMAIN  WALL 


Before  the  switch  was  made  to  the  CRAM,  some  experiments  were  done  to  find  an 
alternate  approach  to  propagation.  It  was  our  desire  to  find  a  way  to  trap  a  wall 
so  it  could  not  easily  be  moved,  provide  potential  wells  along  the  wall  so  cross¬ 
tie  and  Bloch  lines  would  naturally  position  themselves,  and  increase  the  possible 
density  of  the  serial  memory  to  about  four  million  bits/in~.  In  addition,  we 
wished  to  be  able  to  propagate  the  crosstie-Bloch  line  pairs  using  only  one  con¬ 
ductor  layer.  To  accomplish  all  these  goals  simultaneously,  the  film  shown  in 
Figure  12  was  fabricated.  The  film  was  grown  to  a  thickness  of  630A.  Then  it  was 
protected  with  photoresist  in  the  oval  shaped  regions.  Then  it  was  ion  milled  to 
a  thickness  of  about  37()X.  As  a  consequence,  the  film  shown  in  Figure  A-l  is  37oX 
thick  except  on  the  oval  plateaus  where  it  is  63oX  thick.  After  a  field  is  applied 
(up  in  Figure  A-l), a  Neel  wall  appears  caught  between  the  rows  of  oval  plateaus. 

The  lowest  wall  shown  in  the  picture  is  a  return  wall  of  a  domain  formed  by  the 
lower  row  of  plateaus.  The  wall  is  trapped  because  the  film  is  thin  compared  to 
the  plateaus,  and  therefore  the  wall  has  less  energy.  A  2  Oe  field  was  needed 
along  the  easy  axis  (left  to  right  in  the  photo)  to  dislodge  the  wall. 

When  a  negative  field  was  applied,  crossties  formed  in  predictable  locations 
on  the  trapped  wall  as  shown  in  Figure  A-2.  The  asymmetrical  pattern  was  used  so 
a  conductor  placed  above  each  row  of  plateaus  could  produce  the  proper  fields  to 
propagate  the  crosstie-Bloch  line  pairs.  Thus,  an  alternative  to  the  serrated 
strip  method  of  propagation  was  found,  but  it  has  not  been  pursued. 

A  symmetrical  pattern  of  oval  plateaus  was  also  generated  as  shown  in  Figure 
A-3.  Here  the  crossties  also  have  potential  wells  along  the  trapped  wall.  It  was 
expected  that  the  permalloy  would  later  be  removed  outside  the  area  of  the  oval 
rows  perhaps  using  a  serrated  strip  pattern.  This  would  eliminate  the  return  wall 
shown  in  each  of  the  last  three  figures. 

Such  control  over  domain  wall  formation  may  prove  to  be  useful  in  future 
devices.  Domain  walls  need  not  be  treated  statistically  and  considered  as 
Barkhausen  noise  generators.  Indeed,  in  properly  etched  films,  walls  can  become 
the  signal  generators  in  a  new  line  of  magnetometers,  inductors,  and  other  mag¬ 
netic  devices.  The  magnetoresistance  effect  is  not  very  useful  when  domains  arc 
used  in  anisotropic  films  because  of  the  cos  26  law.  However,  when  used  with 
several  trapped  domain  walls  and  Bloch  line  motion,  large  and  useful  signals  can 
be  generated. 
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FIGURE  A  3  A  SYMMETRICAL  PATTERN  FOR  TRAPPING  A  WALL 
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Naval  Oceanographic  Office 

Attn:  Technical  Library  (Code  1640)  i 

Suit  land,  MD  20373 

Deputy  Chief  of  Naval  Operations 
Technical  Analysis  and  Advisory  Group 
(Code  NOP-077D)  1 

Washington,  DC  20350 


Commander 

Naval  Sea  Systems  Command 

Attn:  SEA- 031  1 

Washington,  DC  20360 

Naval  Ordnance  Station 

Attn:  Technical  Library  1 

Louisville,  KY  40214 

Naval  Ordnance  Station 

Attn:  Technical  Library  X 

Indian  Head,  MD  20640 

Naval  Postgraduate  School 

Attn:  Technical  Library  (Code  0212)  1 

Monterey,  CA  93940 

Director,  Naval  Research  Laboratory 


Attn:  Dr.  D.  0.  Patterson  1 

Technical  Library  1 

Mr.  Bruce  McComb  1 

Dr.  H.  Lessoff  1 

Dr.  Conrad  M.  Williams  1 

(Code  6411) 

Washington,  DC  20375 


Office  of  Naval  Research 
Attn:  Dr.  L.  E.  Larmore  (Code  201)  1 

Dr.  T.  G.  Berl incourt  1 

(Code  420) 

800  North  Quincy  Street 
Arlington,  VA  22217 

Commanding  Officer 

Office  of  Naval  Research  Branch  Office 
495  Summer  Street 

Boston,  MA  02210  3 

Commanding  Officer 

Office  of  Naval  Research  Branch  Office 

536  South  Clark  Street 

Chicago,  IL  60605  3 
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Office  of  Naval  Research 
New  York  Area  Office 
207  West  24th  Street 
New  York,  NY  10011 

Commanding  Officer 

Office  of  Naval  Research  Branch  Office 
1030  East  Green  Street 
Pasadena,  CA  91101 

Office  of  Naval  Research 
San  Francisco  Area  Office 
760  Market  Street,  Rm.  447 
San  Francisco,  CA  94102 

Naval  Research  Laboratory 
Attn:  Technical  Library 
Underwater  Sound  Reference  Division 
P.0.  Box  8337 
Orlando,  FL  32806 

Naval  Ship  Engineering  Center 
Attn:  Technical  Library 
Philadelphia  Division 
Philadelphia,  PA  19112 

David  W.  Taylor  Naval  Ship  Research  $ 
Development  Center 
Attn:  Library  Code  5220 
Bethesda ,  MD  20084 

Naval  Underwater  Systems  Center 
Attn:  Robert  Kieronski,  SB-13 
Newport,  R1  02840 

Naval  Training  Equipment  Center 
Attn:  Technical  Library 
Orlando,  FL  32813 

Navy  Underwater  Systems  Center 
Attn:  Technical  Library 
Fort  Trumbull 
New  London,  CT  06320 

Commander,  Naval  Weapons  Center 
Attn:  L)r.  II.  Blazek 

Technical  Library 
China  Lake,  CA  93557 

Commander,  Naval  Air  Development  Center 
Attn:  Mr.  R.  Fedorak 

Technical  Library 
Warminster,  PA  18974 


Headquarters  SAMSO/YCD 
Attn:  Capt.  R.  Bruce  1 

P.0.  Box  92960 
1  WPC 

Los  Angeles,  CA  90009 
Director 

U.S.  Army  Engineering  Research  $ 

3  Development  Laboratories 

Attn:  Technical  Documents  Center  1 

Fort  Belvoir,  VA  22060 

U.S.  Army  Research  Office 
3  Box  CM,  Duke  Station 

Durham,  NC  27706  1 

1  Air  Force  Avionics  Laboratory 

Attn:  Mr.  Stan  Wagner,  AFAL/TEA  1 

Mr.  R.  M.  Werner,  AFAL/TEA  1 

Dr.  M.  G.  Mier,  AFAL/TEA- 3  1 

D.  Brewer  1 

Wright-Patterson  Air  Force  Base,  OH 

45433 

1  Air  Force  Cambridge  Research  Laboratory 
L.  G.  Field 

Bedford,  MA  01730  1 

1  Air  Force  Materials  Laboratory 

Attn:  Mr.  Gene  Miller,  AFML/LTE  1 

Dr.  John  DeCuire  1 

Wright-Patterson  Air  Force  Base,  OH 
1  45433 

Air  Force  Office  of  Scientific  Research 
Department  of  the  Air  Force 
1  Washington,  DC  20333  1 

Air  Force  Weapons  Laboratory 
Attn:  Technical  Library  1 

1  Kirkland  Air  Force  Base 
Albuquerque,  NM  87117 

Director 

U.S.  Army  Engineering  Research  8 
Development  Laboratories 
1  Attn:  Technical  Documents  Center  1 

Fort  Belvoir,  VA  22J60 

U.S.  Army  Research  Office 
1  Box  CM,  Duke  Station 

1  Durham,  NC  27706  2 
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Harry  Diamond  Laboratories 
Attn:  Branch  920  (Mr.  A.  J.  Baba)  1 

Technical  Library  1 

W.  Isler  1 

Robert  Reams  1 

2800  Powder  Mill  Road 
Adelphi,  MD  20783 

USAMI COM  1 

Attn:  Mr.  Dan  Reed 
Huntsville,  AL  35809 

Chief  of  Naval  Material 

Attn:  NAVMAT  0343  1 

Washington,  DC  20360 


Intelligence  S  Electronic  Warfare 
Attn:  Mr.  James  Previte 
kome  Air  Development  Center 
Griffis  Air  Force  Base 
Rome,  NY  13442 

Commandant 
Marine  Corps 
Scientific  Advisor  (Code  AX)  1 

Washington,  DC  20380 

Navy  Space  Systems  Activity 
Attn:  Dr.  J.  L.  Finkel stein  1 

P.0.  Box  92960 
Worldway  Postal  Center 
Los  Angeles,  CA  90009 

Rome  Air  Development  Center 
Attn:  Mr.  J.  Brauer 
Griffis  Air  Force  Base,  NY  13440 

Strategic  Systems  Project  Office 
Attn:  Mr.  David  Gold  (Code  SP-23) 
Department  of  the  Navy 
Washington,  DC  20360 

NASA 

Marshall  Space  Flight  Center 
Huntsville,  AL  35812 

NASA 

Manned  Space  Flight  Center 
Houston,  TX  77058 


Defense  Advanced  Research  Projects 
Attn:  Technical  Library  Agency  1 

Dr.  Robert  E.  Kahn  3 

1400  Wilson  Blvd. 

Arlington,  VA  22209 

Advisory  Group  on  Electron  Devices 
Attn:  Secretary  3 

201  Varick  Street,  9th  Floor 
New  York,  NY  10014 

Defense  Technical  Information  Center 
Cameron  Station 

Alexandria,  VA  22314  12 

Deputy  Under  Secretary  of  Defence  R§E 
Attn:  Dr.  J.  Feinstein  1 

Information  Office  Library  3 
Washington,  DC  20301  Branch 

Federal  Aviation  Administration 
Attn:  Chief,  Data  Processing  Branch  1 
800  Independence  Avenue,  SW 
Washington,  DC  20553 

NASA/ Goddard  Space  Flight  Center 
Attn:  Harold  Theiss  1 

Greenbelt,  MD  20770 

National  Bureau  of  Standards 
Attn:  Mr.  Leedy,  Bldg  225  Rm  A-331  1 

Technical  Library  1 

Robert  J.  Warner,  Rm.  A- 2 19  1 

Dr.  M.  Bollis  1 

Washington,  DC  20234 

Director 

National  Security  Agency 
1  Attn:  TDL,  Dianne  Haslup  1 

Fort  George  G.  Meade,  MD  20755 

NT  IS 

Department  of  Commerce 
Attn:  Dr.  George  Kudrovatz  1 

1  Springfield,  VA  22161 

American  Micro-Systems,  Inc. 

3800  Homestead  Road 

1  Santa  Clara,  CA  95051  1 


Laboratory 

1 
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Ampex  Corp. 

Attn:  H.  A.  Ferrier 

401  Broadway 

Redwood  City,  CA  94063 

Bacco  Industries 
Attn:  Dr.  Dean  Palmer 
10350  Bacco  Street 
South  El  Monte,  CA  91733 

Bell  Telephone  Laboratories,  Inc. 
Attn:  Dr.  A.  H.  Bobeck 
Mr.  W.  Boyle 
P.  I.  Bonyhard 
600  Mountain  Avenue 
Murray  Hill,  NJ  07974 

Bell  Telephone  Laboratories,  Inc. 
Attn:  Technical  Reports  Center 
Whippany  Road  (Rm.  2A-160) 

Whippany,  NJ  07981 

The  Boeing  Co. 

Attn:  Mr.  James  M.  Bartlemay 
Aerospace  Division,  p.  o.  Box  3707 
Seattle,  WA  98124 

The  Boeing  Co. 

Attn:  Mr.  D.  D.  Robinson, 

P.0.  Box  3999  Mail  Stop  88-43 
Seattle,  WA  98124 

Burroughs  Corp. 

Attn:  Dr.  L.  W.  Brownlow 
5411  North  Lindero  Canyon  Rd. 
Westlake  Village,  CA  91361 

C.  S.  Draper  Laboratory,  Inc. 

Attn:  Kirk  Smith 

J.  S.  Kronick 
555  Technology  Square 
Cambridge,  MA  02139 

University  of  California 
Attn:  Dr.  G.  Estrin 
Department  of  Engineering 
Los  Angeles,  CA  90024 


Colorado  State  University 
1  Attn:  Dr.  C.  E.  Patton 
Department  of  Physics 
Fort  Collins,  CO  80521 

Components  Corp. 

Attn:  Jerry  B.  Minter 
Denville,  NJ  07834 

1 

Conrac  Corp. 

Attn:  Mr.  John  Lawton,  Jr. 

1  P.0.  Box  32 

1  Caldwell,  NJ  07006 
1 

Cornell  University 
Attn:  J.  Frey 

School  of  Electrical  Engineering 
Phillips  Hall 
1  Ithaca,  NY  14850 

Corning  Glass  Works 
Attn:  R.  R.  Barber 
Technical  Information  Center 
1  Sullivan  Park 

Corning,  NY  14830 

Delco  Electronics,  Division  of  GM 
Attn:  Technical  Library 
1  7927  S.  Howell  Avenue 

Oak  Creek,  WI  53154 

Fairchild  Semiconductor  Research 
5  Development  Laboratory 
1  Attn:  J.  M.  Early 

Dr.  H.  Sello 

4001  Junipero  Sierra  Blvd. 

Palo  Alto,  CA  04304 

1  University  of  Florida 

1  Attn:  Prof.  J.  K.  Watson 

Electrical  Engineering  Department 
Gainesville,  FL  32601 

General  Electric  Co. 

1  Attn:  Mr.  R.  J.  Clark 

Electronics  Park 
Syracuse,  NY  13201 

General  Electric  Co. 

Attn:  R.  C.  May 

French  Road  Mail  Drop  211 

Utica,  NY  13502 
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Grumman  Aerospace  Corporation 
Attn:  A.  Della  Sale 
T.  Newman 

South  Oyster  Bay  Road 
Bethpage,  NY  11714 

Harris  Corporation 
Attn:  Mr.  A.  L.  Rivoli 
Mr.  Ron  Neal 
P.  0.  Box  883 
Melbourne,  FL  32901 

Honeywell,  Inc. 

Attn:  Marvin  E.  Peterson 
Aerospace  Division 
13350  U.  S.  19 
St.  Petersburg,  FL  33733 

Hughes  Aircraft  Company 
Microelectronics  Products  Division 
Attn:  Technical  Library 
500  Superior  Avenue 
Newport  Beach,  CA  92663 

Hughes  Research  Laboratory 
Attn:  J.  Molitor 
3011  Malibu  Canyon  Road 
Malibu,  CA  90265 

University  of  Illinois 
Attn:  Dr.  W.  J.  Poppelbaum 
Digital  Computer  Laboratory 
Urbana,  IL  61801 

Iowa  State  University 
Attn:  T.  A.  Smay 

Electrical/Ceramics  Engineering  Dept 
Ames,  I A  50010 

Intel  Corp. 

Attn:  Dr.  G.  Moore 
365  Middlefield  Road 
P.  0  Box  668 
Mountain  View,  CA  94040 

International  Business  Machines  Corp. 
Attn:  Mr.  C.  McNeil  1 

Federal  Systems  Division 
Electronic  Systems  Center 
Owego,  NY  13827 


Intel  Magnetics,  Inc. 

1  Attn:  R.  B.  Clover  1 

1  3000  Oakmead  Village  Drive 

Santa  Clara,  CA  95051 

ITT  Avionics  Division 

1  Attn:  Dept.  64511  (Mr.  F.  Koved)  1 

1  500  Washington  Avenue 

Nutley,  NJ  07110 

ITT  Research  Institute 
Attn:  Harold  A.  Lauffenburger  1 

1  10  West  35th  Street 

Chicago,  IL  60616 

The  Johns  Hopkins  Uni versity/APL 
Attn:  Dr.  C.  Feldman  1 

Johns  Hopkins  Road 
1  Laurel,  MD  20810 

The  Johns  Hopkins  Uni versity/APL 
Attn:  J.  L.  Abita  1 

Johns  Hopkins  Road 
1  Laurel,  MD  20810 

The  Johns  Hopkins  University/APL 
Attn:  Mr.  G.  Donald  Wagner  1 

Johns  Hopkins  Road 
1  Laurel ,  MD  20810 

Lawrence  Livermore  Laboratory 
Attn:  Technical  Information  Dept  L-3  1 

Dr.  K.  Aaland,  Code  154  1 

1  Dr.  I.  Fischer-Colbie,MS156  1 

Ronald  IVichner  1 

P.  0.  Box  808 
Livermore,  CA  94550 

1  Litton  Data  Systems 

Attn:  J.  A.  Klacka  1 

8000  Woodley  Ave. 

Van  Nuys ,  CA  91406 
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Litton  Systems,  Inc. 

Attn:  Hr.  11.  Abb  ink,  MS  5330  1 

(ini dance  and  Control  Systems  Oivision 
5500  Canoga  Ave. 

Woodland  Hills,  CA  91364 

The  Magna vox  Co. 

Attn:  M.  L.  Seif 
1515  Production  Road 
Fort  Wayne,  IN’  46808 

Massachusetts  Institute  of  Technology 
Attn:  Mr.  G.  Ives 

Department  of  Aeronautics  5  Astronautics 
77  Massachusetts  Avenue 
Cambr i dge ,  MA  021 39 

McDonnell  Douglas  Corp. 

Attn:  Mr.  Kent  C.  Smith 
l\0.  Box  516 
St.  Louis,  M0  (>5166 

University  of  Minnesota 
Attn:  Larry  L.  Kinney 

Prof.  .J.  Judy 

Department  of  Llectrical  engineering 
Minneapolis,  MN  55455 

The  Mitre  Corp. 

Attn:  Library 
Bedford.  MA  01730 

Montana  State  University 
Attn:  D.  Rudhorg 
llectrical  engineering  Department 
Bozeman,  Mi  59715 

Motorola  Incorporated 
Attn:  John  Osborne 
Semiconductor  Projects  Division 
2200  West  Broadway 
Box  20906,  Mail  Station  M504 
Phoenix,  AX  85036 

United  Aircraft  Corporation 
Norden  Division 
Attn:  S.  V.  Lazecki 

R.  (I.  Hughes,  MS  L012 
Norwalk,  CT  06856 


University  of  Pennsylvania 
Attn:  Prof.  II.  Callcn  1 

Department  of  Physics 
Philadelphia,  PA  19104 

Rockwell  International 
Attn:  Dr.  G.  Pulliam  1 

1  P.0.  Box  4173 

3370  Miraloma  Ave. 

Anaheim,  CA  92803 

Rockwell  International 
1  Attn:  W.  H.  Kraemer  1 

P.0.  Box  4192 
3370  Miraloma  Ave. 

Anaheim,  CA  92803 

Rockwell  International 
1  Attn:  R.  W.  Downing  I 

Klectronics  Operations 
P.O.  Box  3015 
3370  Miraloma  Avenue 
Anaheim,  CA  92803 

1 

I  Raytheon  Company 

Attn:  Dr.  R.  F.  Thun  1 

Arych  Platzker,  MS  Ml -58  1 

Missile  Systems  Division 
Bedford,  MA  01750 

1 

RCA,  Astro-Flectronics  Division 
Attn:  Maurice  G.  Staton  1 

P.O.  Box  800 

1  Princeton,  N,J  08520 

RCA,  David  Sarnoff  Research  Center 
Attn:  Technical  Library  1 

Princeton,  NJ  08540 

1 

RCA,  Government  Communications  Systems 
Attn:  D.  Hampel  1 

Route  202 

Somerville,  NJ  08876 
RCA  Laboratory 

1  Attn:  Dr.  R.  Shahbender  1 

1  Princeton,  NJ  08540 

Siemens  Corp.  R  6  D  Center 
Attn:  Wolfgang  Kayser  1 

P.O.  Box  1390 
Scottsdale,  AZ  85252 
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Sanders  Associates,  Inc. 

Attn:  L).  B.  Newman 
95  Canal  Street 
Nashua,  Nil  03061 

Sandia  National  Laboratory 
Attn:  Technical  Library  3141 
P.0.  Box  5800 
Albuquerque,  NM  87185 

Signetics  Corp. 

811  E.  Arques  Avenue 
Sunnyvale,  CA  94086 

Si  l  icon  Lx,  Inc . 

2201  Laurel  wood 
Santa  Clara,  CA  95054 

Singer  Company 
Attn:  Mr.  L.  Laermer 
Kearfott  Division 
1150  McBride  Avenue 
Little  lalls,  N.J  07424 

Sperry  Research  Center 
Attn:  Mr.  II.  A.  Richard  Wegener 
100  North  Road 
Sudbury,  MA  01776 

S.:n ford  Research  Institute 
Attn:  Louis  N.  Heynick 

Dr.  S.  W.  Miller  (Bldg  301 
Engineering  Sciences  Laboratory 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 

Teledyne  Systems  Co. 

Attn:  F.  (’.era Id  Snyder 

19601  Nordhoff  Street 
Northridgc,  CA  91324 

Texas  Instruments  Inc. 

Attn:  Dr.  Bernard  G.  Carbeial 
Dr.  Dean  Tombs 
P.0.  Box  225474 
Dallas,  TX  75265 

Texas  Instruments  Laboratories 
Attn:  Dr.  John  M.  Pankrate,  MS  105 
Central  Research 
P.  0.  Box  225474 
Dallas,  TX  75265 


Defense  Space  Systems  Group 
1  Attn:  Dr.  B.  Dunbridge  1 

One  Space  Park 
Redondo  Beach,  CA  90278 

Tyco  Laboratories,  Inc. 

1  Attn:  Dr.  A.  I.  Mlavskv  1 

16  Hickory 

Bear  Hill,  Waltham,  MA  02154 


1  United  Aircraft  Corp. 

Attn:  Dr.  A.  .J.  Demarla  1 

United  Aircraft  Research  Laboratories 
East  Hartford,  CT  06108 

1 

Westinghou-.e  Electric  Corp. 

Attn:  Dr.  Paul  M.  Pan  I 

1  Ms.  L.  Campbell  1 

Defense  &  Electronics  Systems  Center 
BIVI  Airport 
P.0.  Box  1693 
Baltimore,  MD  21203 

1  Westinghousc  Electric  Corp. 

Westinghouse  Research  Laboratory 
Attn:  Dr.  D.  Muss  1 

Bulah  Road,  Churchill  Borough 
Pittsburgh,  PA  15235 

1 

1  Yale  University 

Attn:  Prof.  R.  C.  Barker  1 

Prof.  S.  Cargill  I 

Becton  Center 
15  Prospect  Street 
1  New  Haven,  CT  06520 

Youngstown  State  University 
Attn:  Dr.  M.  Simon  1 

410  Wick  Avenue 
1  Youngstown,  OH  44503 
1 

The  Bendix  Corporation 

Attn:  Max  Frank  1 

Executive  Offices 

Bendix  Center 

1  Southfield,  Michigan  48037 

Control  Data  Corp.,  Research  Division 
Attn:  Gale  R.  Allen,  I10M291  1 

P.0.  Box  1249 
Minneapolis,  MN  55440 
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How  let  t -  Packard 
Attn:  Dr.  Paul  Greene 
1920  Embarcadero  Road 
Pale  Alto,  CA  94305 

Honeywell  Information  Systems  Inc. 
Advanced  Systems  f.  Technology 
Attn:  Dr.  K.  Kayser 

4 000  \.W.  59th  Street,  Bldg  1,  Rm  53 
Oklahoma  City,  Ok  75112 

IBM  Corporation 
Attn:  G.  R.  Henry,  P35/025 
Moncterev  t]  Cottle  Roads 
San  dose,  California  95193 

IBM  Corporation 

Attn:  Mr.  L.  C.  Licbschutz 

Monterey  Si  Cottle 

San  dose,  CA  95193 

Inter  Systems  Inc. 

(>20l  l.eesburg  Pike 
falls  Church',  VA  22044 

Millis  Research 

Attn:  Dr.  William  L.  Gardner 

Dover  Road 

Millis,  MA  02054 

Raytheon  Research  Division 
Attn:  Dr.  f.  Schlomann 

Waltham,  MA  02154 

Raytheon  Company 
Attn:  George  A.  Works 
Way  land  Laboratory 
Boston  Post  Road 
Way  land,  MA  01778 

Stan  ford  tin  i  vers  i  ty 

Attn:  Prof.  Robert  L.  White 

110  McCullogh  Bldg. 

Stanford,  CA  94305 

Tektronix,  Inc. 

Attn:  Director  of  Research 

P.G.  Box  500 
Beaverton,  OR  97077 


T.  d.  Watson  Research  Center 
1  Attn:  Dr.  M.  S.  Cohen 
Dr.  timerson  Pugh 
Dr.  R.  A.  Scranton 
P.0.  Box  218 

Yorktown  Heights,  NY  10598 
Westinghouse  Advanced  Technology  Lab 


Attn:  Dr.  I).  Mergerion,  MS  3714  1 

C.  W.  Baugh,  MS  3714  6 

J.  H.  Cullam,  MS  3714  1 

H.  A.  Trenchard,  MS  3714  1 

Liz  Hubbard,  MS  3714  1 

J .  Brewer  1 

P.  0.  Box  1521 
Baltimore,  MD  21203 

General  Dynamics 

1  Attn:  T.  0.  Savage  MZ2440  1 

Port  Worth  Division 
P.0.  Box  748 
Port  Worth,  Texas  76101 


George  N.  Kaposhilin 
6  Hewlett  Packard  Laboratories 
1501  Page  Mill  Road 

Palo  Alto,  CA  94304  2 

1 

S.  Puthuff 
Memorex  Corp. 

San  Tomas  d  Central  Expressway 
Santa  Clara,  CA  95052  1 

1 

VERBATIM 

Attn:  Dr.  G.  Bate  1 

323  Soquel  Way 
1  Sunnyvale,  CA  94086 


Sperry  Uni  vac 

Attn:  Dr.  D.  Lo,  MS  5161  5 

Mr.  W.  D.  Miller  1 

R.  d.  Torok  1 

1  M.  Paul  1 

B.  Linde  1  1 

Q.  Fabro  1 

Federal  Systems  Division 
Uni  vac  Park 
1  P.0.  Box  3525 

St.  Paul,  MN  55101 
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